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Introduction
Galling wear and premature tool failure is a significant challenge in sheet metal stamping and is becoming more widespread with the increased use of Advanced-and Ultra-High Strength Steels [1] . The monitoring and assessment of galling wear on deep drawing tools and the resulting damage to formed parts is of great importance in industry, as the cost of manual quality assessment, refinishing parts, and maintenance down time is significant [2] . Measurement and characterisation of this galling wear in real deep drawing situations is a crucial component in the development and implementation of accurate real time wear monitoring systems. The techniques and parameters that have been used for quantifying and characterising galling wear are often not targeted at the localised features that contribute to and are caused by galling wear. Furthermore, these traditional techniques are not well suited for implementation in large scale industrial style stamping wear trials that are necessary for developing wear monitoring systems. This work introduces a new technique for quantifying galling wear severity using 2D profilometry measurement of the surface and analysis of this surface information using wavelet transformation. The new technique uses wavelet transformation to isolate a wavelength bandwidth that effectively characterises the localised galling wear features in 2D surface profiles. The outcome of this study is to provide an accurate quantifiable measure of galling wear severity. This is performed via measurement of the workpiece (i.e. part) surfaces and not the tool surfaces and is therefore appropriate for application in both laboratory-based experiments and industrial style wear trials. These trials are necessary for the development of automatic galling monitoring systems needed by sheet metal stamping industries to reduce the costs associated with galling wear on stamping tools and parts.
Background

Galling wear measurement
Galling wear in sheet metal stamping is a localised multistage sliding wear mechanism, where material transfer occurs at initiation sites and accumulates with progressive contact. The accumulated material ploughs the opposing surface and eventually the continual accumulation of galled material can result in fracture [3] [4] [5] . Galling wear damage is characterised by macroscopic localised roughening of the surface, and the creation of protrusions above the original surface due to plastic flow of the material and material transfer [6] . Galling is the wear mechanism often seen in sheet metal stamping, particularly deep drawing, where the tooling experiences repeated sliding contact under high loads with sheet metal blanks. These contact conditions and the disparity in surface roughness and hardness between the blank material and press tooling accelerates the development of galling wear.
Galling wear in sheet metal stamping is difficult to characterise and measure because of the multistage progression of the mechanism on both contacting surfaces and the lack of targeted measures. Wear damage features that precede galling observed in sheet metal forming progress through a number of stages including: asperity smoothing and plastic deformation, abrasive damage of various scales and finally progressing to galling damage [5, 7, 8] . These distinct surface features can be observed on both the tooling and formed parts [9] . Characterisation is further complicated in sheet metal stamping of irregularly shaped parts, where varying contact conditions can lead to localised wear that develops at different rates. The presence of wear damage can make formed parts unfit for purpose, both functionally and aesthetically, which highlights the requirement of automatic galling wear monitoring for sheet metal stamping.
Qualitative visual assessment is often used to determine the severity of wear on tooling and parts, and remains the most ubiquitous and effective method for characterising and identifying the severity of galling wear. The effectiveness of visual assessment has led to its use in numerous wear studies, often in addition to other quantitative measures [7, 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Due to the difficulty of assessing tooling during forming operations visual assessment of formed parts is a primary method used in industrial applications for determining if tool maintenance is required [22] . Visual assessment is widely used for determining the presence and severity of galling wear in sheet metal stamping and is used as a standard in galling test methodologies [23, 24] . The ASTM G98 galling test, for example, is widely used for the assessment and ranking of galling resistance of material couples. This standard utilises subjective visual characterisation of galling and provides a qualitative assessment of galling resistance [24] . A number of issues effecting the accuracy of ASTM G98 have been discussed [25] , but the subjective nature of visual assessment and the need for clear and quantitative characterisation have been highlighted [26] . It is difficult to achieve repeatable results and collect a quantifiable output using visual assessment of galling wear severity. Given this, it is important to identify a quantifiable measure of galling wear equivalent to visual assessment.
Numerical rankings of galling wear severity have been used to provide a quantitative output for visual assessment [7, 20, 27] . However, in these instances the assessment has been made on magnified regions where the wear state is consistent throughout. Numerical ranking schemes are less suitable for industrial style trials as they are difficult to apply to larger contact regions with multiple localised instances of wear, and are time consuming when assessing numerous parts. Despite these issues, numerical rankings are an appropriate standard for comparing galling wear measures in small scale experimental conditions.
Mass and volume loss measurements of tooling are common methods for quantifying wear [11, 14, 19, 28, 29] . These methods are convenient for the purposes of modelling given the role of wear volume the in Archard wear equation [30] , which has seen extensive usage in tool wear related studies. Mass and volume loss measurements give a direct assessment of the tooling and are simple to implement in laboratory wear test conditions. However, it is possible that the techniques can give inconsistent results as wear damage can occur without loss of mass, for example with plastic deformation [31] . Therefore, measuring mass and volume loss gives an incomplete picture of the wear process. Additionally, mass and volume measurements of wear are not suitable for progressive measurement in industrial style trials, where wear assessment is desired from part to part. It is also not possible to obtain mass measurements of large and heavy sheet metal stamping tooling that are accurate enough to identify small localised changes in wear.
3D profilometry of formed parts or tooling allows for assigning standardised texture parameter values, and provides insightful information about the state of the wear conditions. Christian and De Chiffre [16] assessed adhesive and abrasive wear using bearing curve parameters S pk , S k , and S vk and worked towards the characterisation of the prominent mechanism observed. Although 3D surface analysis has the potential to provide a complete quantitative characterisation of wear, a definitive selection of parameters for galling wear quantification has not been identified.
2D profilometry can also be applied to part or tooling surfaces and several standardised 2D roughness parameters are available to give information about the wear conditions. 2D profilometry has been used for the qualitative assessment of galling tracks [8] and also for collection of quantitative data using roughness parameters such as R a , R z , R y , R p , and R v [7, 10, 15, 16] . One issue with utilising conventional parameters, particularly the average roughness R a , is that they can return similar values for drastically different surface topographies [32] . 2D profilometry has also been used to measure wear track depth and estimate wear volume as a means of quantifying wear [33] , however, these measures are most suitable for single wear track experiments. Fast Fourier Transform (FFT) has been applied to 2D surface profiles of galled parts in order to give a Galling Severity Index (GSI) [34] . This GSI approach assesses the 2D profiles in terms of wavelengths and takes a mean value of magnitudes within a given wavelength range, which is then normalised using a mean magnitude value for an unworn reference 2D profile. The issue with this approach is that isolating the specific wavelengths at which wear features are active is difficult as all spatial information of the profile is lost during the FFT. Additionally, taking the mean value for a range of wavelengths also has the potential for reducing or losing wear information. Despite the shortcomings of 2D roughness parameters, 2D profiles taken from parts have a distinct advantage over other methods of measuring wear. Part 2D profiles are fast to acquire, are unobtrusive in terms of press tooling, and measure the product, which is ultimately the subject of interest for industry.
Sliding abrasive wear damage produces typical cross-sectional profiles as shown by Varjoranta et. al. [35] and Yost. [33] . These typical cross-sections are characterised by shoulders of raised material pileup on either side of the depression gouge which drops below the bulk material of the surface, seen in Figure 1 . The surface features seen with galling damage exhibit similar cross-sectional features in an intensified state, larger material pile up and greater depth of gouges, shown in the 2D profiles collected by Karlsson et. al. [8] . The shallow depth of abrasive damage preceding galling damage in sheet metal stamping can often be on the same scale as bulk material asperities, which can make characterisation using 2D profilometry difficult [9] . Calculating an aggregate profile by taking the mean of multiple adjacent 2D profiles can assist with minimising the asperity noise ratio when attempting to isolate these galling related features. It is evident that all of the galling features mentioned above share the characteristic of sudden changes in height above and below the level of the bulk material. This characteristic can be captured well by aggregate 2D surface profiles perpendicular to the sliding direction and may be utilised for possible galling wear identification and quantification.
Siefert and Babu [26] numerically described galling damage and a number of other damage stages for ASTM G98 tests in terms of R y values for profiles collected perpendicular to sliding direction. The damage types characterised correspond well with the stages of damage observed for the galling wear mechanism in sheet metal stamping. The damage types 'Wear', 'Incipient galling', 'Transition to galling' match the initial asperity deformation and degrees of abrasion observed in sheet metal stamping prior to galling. The 'Wear' stage was visible but not quantifiable with laser microscopy on the test material, Everit 50 alloy. The 'incipient galling' damage stage, was described to be at the scale of existing surface asperities, with features being less than 1μm in size for the test material. The 'Transition to galling' stage was classified as features exceeding ½ R y , or and in size for the test material. Finally, galling damage was classified as features greatly exceeding ½ R y by at least an order of magnitude, or in size for the test material. Cross-sections of the damage stages exhibit the 'U' shaped gouge with raised shoulders that has been previously described, with the significant difference between the stages being scale. Seifert and Babu's [26] observations provide a numerical description of the difference between galling and abrasion damage that is typically observed in sheet metal stamping as a precursor to galling damage. 
Frequency analysis of surface profiles and Wavelet Transform
Engineering surfaces can be characterised by different spatial frequency or wavelength bandwidths. This is most evident with the common practice in surface metrology of using wavelength bandwidths to separate surface roughness, waviness, and form [36] .
Characterising galling wear features in terms of spatial frequency allows for a targeted measure of galling wear severity. As discussed in section 2.1, FFT is one way to approach this characterisation, however, the associated loss of spatial information makes linking specific spatial frequencies to galling wear difficult. Wavelet Transform is a signal analysis technique that decomposes signals with localised wave-like functions, which represents signals in both the frequency domain and the spatial domain simultaneously and, as such, provides a good representation of localised signal features [37] . Wavelet Transform has been used extensively to analyse and process 2D roughness profiles, often for the detection of discontinuities in surfaces [38] [39] [40] [41] [42] [43] [44] [45] . However, Wavelet Transform has not been used for the characterisation and measurement of wear.
There are several wavelet functions or mother wavelets, , available for use in Wavelet Transform  examples can be seen in Figure 2 . Numerous mother wavelet functions exist and some are likely to be better suited for galling wear characterisation than others. The Discrete Wavelet Transform (DWT) is a common implementation of Wavelet Transform for practical applications using discrete data [46] . DWT decomposes a signal , where , by translating scaled copies of the mother wavelet, , across the signal and performing a convolution operation at each discrete translation step. Figure 3 shows the scaling and translation operations on the Daubechies 2 mother wavelet function. The wavelet base is defined as:
Where j and k are integers, denoting the frequency or scale and space location or translation, respectively. The wavelet scaling function, , is defined as:
In DWT the signal is broken-down into low pass approximation coefficients and high pass detail coefficients , such that the wavelet expression of the signal is:
Practically these coefficients can be determined using:
With and denoting quadrature mirror filters, a low and high-pass filter pair, where is an integer in the sequence of discrete points of the input signal. The coefficients represent the level of correlation between the wavelet bases and the signal at each translation step. The approximation coefficients provide the low frequency component of the input signal and the detail coefficients capture the high frequency component. The multi-level decomposition DWT [47] iteratively applies Equation (4) and Equation (5) on the current approximation coefficients (Figure 4 ). At each level the wavelet function is scaled to provide coefficients that represent different wavelet frequency bandwidths. In sliding wear conditions, it has been shown that the abrasive damage preceding galling can be of similar depth as the existing surface asperities or roughness [9] . From this it has been inferred that wear features will be active in the same high frequency component of a surface profile as roughness. By assessing detail coefficients from different levels of the multi-level DWT, it will be possible to isolate specific bandwidths that best characterise galling wear features.
3 Discrete Wavelet Transform for measuring galling wear severity
Surface Profile collection
The galling wear severity measurement method requires the collection of 2D surface profiles perpendicular to the sliding direction, or the direction of galling wear features. These profiles must capture the cross-section of the galling wear gouge tracks, see Figure 5 . Transfer of material that leaves debris adhered to the wear surface or adhesive tear-out scars are two other wear features that are possible on galled formed part surfaces [5] . These features are localised in both sliding and perpendicular to sliding directions and so are difficult to capture with individual 2D profiles, therefore they will not be targeted in the presented methodology. 
Mother wavelet selection
There are numerous mother wavelet functions available with Discrete Wavelet Transform decomposition, and each of these will provide varying results. Selecting an appropriate mother wavelet that matches the signal or galling wear feature is crucial for effectively characterising galling wear. Qualitative comparison between the signal and mother wavelet is a common method for selection in other applications such as power quality assessment and medical Electromyograms [48] . In these cases, the shape of the mother wavelet is compared visually to the feature of interest in the respective signals.
Example mother wavelet functions of the Daubechies wavelet family and the Haar wavelet can be seen in Figure 2 .
For assessing galling, the shape of the selected wavelet function must resemble the increase and sudden drop in the 2D profile that occurs due to material pile-up on the edges of the gouge, as shown in Figure  6a . The Daubechies 2 mother wavelet represents a close approximation of these features. A large positive pulse immediately followed by a negative pulse corresponds well with the material build-up next to the wear gouge, as shown in Figure 6b . Because of these attributes the Daubechies 2 wavelet has been selected for analysis targeting galling wear and preceding damage in this study. Other galling wear features such as adhered material or adhesive pull-out scars may require selection of different mother wavelet functions for accurate measurement. There are a number of quantitative measures available for the selection of mother wavelet function. Quantitative techniques require a representative signal, in this case a surface profile of galling wear damage. To supplement the use of qualitative selection, the Minimum description length (MDL) criterion has been applied to a surface profile collected from a wear damaged part formed in the case study presented in section 4. MDL criterion [49] is a quantitative technique that is commonly used in noise suppression and signal compression applications [48] . The MDL criterion determines the 'best' wavelet function by searching for the function that provides the most compact description of the data of interest. MDL was determined for the test surface profile (Die I part 14) using 51 wavelet functions from the MATLAB wavelet toolbox, and the 'db2' mother wavelet function was found to be in the top 10% as determined by MDL criterion.
Detail coefficient level selection
In order to quantify the severity of galling wear a detail level must be selected that has a wavelet frequency bandwidth that corresponds to the scale of the wear damage features. This can be achieved by examining example features from the relevant data set and by noting the scale and width at which those features exist, as shown for the example gouge cross-section in Figure 6a .
Once the width of the wear features has been determined, the appropriate detail coefficient level must be selected. The wavelet wavelength bandwidths of detail coefficient levels can be determined as a function of the sampling frequency of the acquired surface profiles. Table 1 shows wavelet wavelength bandwidths of detail coefficients for a 6-level decomposition as a function of sampling frequency, and bandwidths for a sampling frequency of 1766 samples/mm. This sampling frequency and the selection of the detail coefficient level for the case study in this analysis will be described in Section 4.2. 
Detail coefficient calculation and wear severity quantification
Once the mother wavelet and the decomposition detail level are selected, the multi-level wavelet decomposition of the surface profile is completed and the specified detail coefficients determined according to Equation (4) and Equation (5). Large detail coefficient values indicate a high likelihood of a distinct wear feature of the corresponding scale. The detail coefficients also provide the relative location in the profile of the wear features.
DWT wear severity parameter
The detail coefficients can be processed to provide a single galling wear severity value, W DWT , by taking the mean of absolute values of the detail coefficients, Equation (6) . Where is the number of coefficients.
∑| | ⁄
The individual values can be compared with values from the same mother wavelet function and wavelet frequency bandwidth, but cannot be directly compared to values determined under different DWT conditions.
Case study
Experimental setup
A case study has been conducted to demonstrate the Discrete Wavelet Transform galling wear methodology. A series of channel parts have been formed until galling wear was visually observed on the dies and testing was ceased. The proposed DWT galling wear severity parameter (W DWT , see Equation (6)) was calculated from 2D profile measurements of the part surfaces and compared to visual rankings. Visual rankings are used as the reference measurement, because these are the current standard for evaluation and quantification of galling wear severity, as described in Section 2.1.
Channel forming operation
Wear test samples or parts were formed using the channel forming test shown in Figure 7 . The channel forming process was conducted on an Erichsen Universal Sheet Metal Testing Machine (Model 145-60) with the geometry and main process conditions summarised in Table 2 . The process is designed to allow for close replication of conditions seen in the forming of automotive sheet metal components. The tooling geometry features two symmetrical removable die radius inserts (Die I and Die II), that are designed for easy removal. The high contact pressures on these die inserts result in wear damage being localised on the inserts and counter surface of the channel part sidewalls. Further details of the experimental setup can be found in [50] . 
Surface characterisation
3D surface scans were collected for each part sidewall using 3D focus-variation scanning microscopy (Alicona Infinite Focus). The location of the 3D surface profilometry scans and the visual assessment region are shown in Figure 8 . Aggregate 2D surface profiles perpendicular to the sliding direction of forming were then collected from the centre of these 3D surface scans, and calculated using the mean of 70 adjacent profiles spanning a region of width 50μm (Figure 8 ). This ensured that sliding direction wear tracks were captured by the profiles and asperity noise was minimised. The sampling frequency or sample spacing of the 2D surface profiles was determined by the resolution of the 3D surface scans. For this study, the sampling frequency was 1766 samples/mm.
For comparison, a number of roughness and surface texture parameters were determined for the collected 2D profiles and 3D surface scans  see Table 3 . The Galling Severity Index [34] is the only parameter directly targeted at galling quantification and requires the use of a reference unworn surface profile. The first part sidewall for each die were used as reference surfaces. A number of other 3D texture parameters and 2D surface profile parameter were also assessed, including: maximum valley depth (R v ), maximum peak height (R p ), root mean square of slope (R dq ), average height of area (S a ), and root mean square of gradient (S dq ). R dq has been linked to tool wear in machining [51] and performed well in initial measurements, and so was included in this comparison. 
Visual wear assessment and ranking
Categorical visual rating scales of galling and wear damage have been used to provide subjective quantitative outputs of the visual assessment of galling wear damage on strip drawn samples [7] , cylindrical cups [20] , and ASTM G 98 and G 196 test specimens [27] . A tailored visual wear damage severity rating scale has been used to assess formed parts. The tailored visual wear damage severity scale has been developed to ease with assessment of the channel parts formed in this case study and is shown in Table 4 . Images of the sidewalls were assessed by 9 assessors experience with sheet metal forming, including the authors, and a median rating for each part was determined. The channel forming operation was ceased when galling damage was observed on the die, with the counter surface on the formed parts exhibiting abrasive damage. The visual ranking score ranges from 0-5 in value; where a score of 0 is allocated if no wear is observed and 5 is allocated if severe damage is judged, as seen in Table 4 . The issues with the application of numerical rankings to visual assessment of large worn surfaces have been discussed in Section 2.1. Considering these issues and to improve the accuracy of the rankings and the ease by which they can be applied, only the immediate wear region where sliding contact begins was assessed on each wear test sample, as seen in Figure 8 . The assessment regions were considered to start 2 mm in from the edge of the parts to ignore edge effects and were divided into two equal regions perpendicular to the sliding direction such that each wear test sample was assigned 2 rankings. The width of the parts was 20 mm, which meant that wear development could occur at localised regions perpendicular to the sliding direction and therefore this division was conducted to improve ranking accuracy. A combined damage severity rating was then calculated for each wear test sample by summing the ratings assigned to the two regions to give a combined damage severity rating out of 10. The resulting visual assessment rankings from the 9 assessors for the two dies are summarised with box plots in Figure 9 , with the red line showing the median ranking for each part sidewall. Outliers are defined as responses greater than and less than , where denotes the interquartile range and and represent the 25 th and 75 th percentile of the response data for each part sidewall respectively. Example aggregate median damage severity ratings are shown with the images of the corresponding part sidewalls in Figure 10 . Obvious scratching in small proportion of side wall 4
Obvious scratching on significant proportion of sidewall half 5
Obvious scratching on entire sidewall half or very severe scratching 
Detail coefficient level selection
In order to select an appropriate decomposition detail level, a number of example galling wear gouges were isolated in the captured 2D surface profiles from Die I stroke numbers 4 and 14 and Die II stroke numbers 13 and 14. In these 2D surface profiles the edge transitions of the wear gouges, seen in Figure  6a , were measured and found to occur over an average distance of 18μm. One example galling wear gouge and edge transition measurement can be seen in Figure 11 . The sampling rate at which the profiles were collected was 1766 samples per mm and so the detail levels correspond to the wavelength bandwidths seen in Table 1 . Detail level 4 ( ) approximately covers the 18μm gouge edge transition and so has been selected as the output detail level.
Results and analysis
DWT detail coefficients
A DWT multi-level decomposition was performed on the collected roughness profiles using Mathwork's Matlab Wavelet Toolbox. The resultant Daubechies 2 level 4 detail coefficients ( ), Equation (5), were overlaid on images of corresponding wear test samples to qualitatively check the correlation between the detail coefficients and the visual observation of scratches on the sidewalls of the parts (as shown in Figure 12 ). It is evident that there is very good qualitative correlation (both in terms of the location and magnitude) between the detail coefficient parameter and the visual severity of the wear damage. 
Wear parameters
The progression of each galling wear measurement parameter or surface roughness parameter for both dies can be seen in Figure 13 . As discussed, the visual assessment ranking (shown in Figure 13a ) is the baseline measurement of galling wear for the parts. values determined for a different wavelet function (Figure 13e ) and different wavelet frequency bandwidth (Figure 13d ) have been included as a comparison for a non-optimised DWT process. The values calculated with the Haar wavelet at detail level 4 (Figure 13e ) and Daubechies 2 wavelet at detail level 6 (Figure 13d ) represent values determined with sub-optimal wavelet function and wavelet frequency bandwidth respectively. Figure  13c also shows the calculated GSI parameter values, which is the only other galling wear targeted parameter. The best performing 'traditional' surface roughness-based parameter, R dq , is shown in Figure  13f . Finally, R a , S vk , and S pk have been included as representative examples of other traditional roughness and texture parameters. The correlation between each of the wear measures and the visual assessment ranking was then measured using Spearman's rank Correlation Coefficients, [52] , using a total of 28 data points for each case. Spearman's rank correlation provides a measure of the rank correlation between two variables and is suitable for application to ordinal data, like the visual assessment rankings collected in this study. The performance of the parameters in Table 3 was measured against numerical rankings of galling wear severity based on visual assessment, which is the standard for assessment of galling wear severity [23, 24] . Correlation coefficient and p-values for correlation with visual assessment ranking values for the parameters listed in Table 3 can be seen in Table 5 .
was found to have a significant and highest correlation of = 0.8688 with the visual assessment ranking. 
Discussion
Summarising the results, it can be stated that the presented method maintains the accuracy of visual assessment, but shows greater reliability when regarding the limitations and variability of visual assessment. Visual assessment is a subjective process that is challenging to apply to large surface areas, and does not always lead to repeatable measurements of galling wear. The significant variability of visual assessment is demonstrated with the respondent assessment results shown in Figure 9 . Numerical ranking provides a quantifiable output for visual assessment and median values address variability, however the subjective nature of the method and the difficulties with repeatability and application over large surface areas remain.
The DWT detail coefficients capture the important information about the wear features, and converts the detail coefficient information into a form that is suitable for direct comparison to visual assessment rankings. However, condensing the wear information from the detail coefficients to the single parameter results in the loss of spatial information. Therefore, the values should be considered as one component in the presented methodology for measuring and characterising galling wear, rather than the definitive output.
There is a level of noise present in the detail coefficients that is due to low levels of wavelet correlation with other surface features. This is an issue that is exacerbated when using single 2D surface profiles as opposed to aggregated 2D surface profiles. While some noise still exists, it is apparent from the detail coefficient image overlay, Figure 12 , that the wear features produce the dominant detail coefficient values. Utilising aggregate 2D surface profiles minimises this noise by reducing the prominence of nonwear related surface asperities and pitting. Figure 12 demonstrates that the galling wear features are well characterised by DWT detail coefficients for Daubechies 2 of wavelength 9.09 -18.2μm, with the highest values of the detail coefficients at the galling wear features locations. The 9.09 -18.2μm wavelength bandwidth that is associated with detail level 4 in this study is shown to cover the same spatial range as galling wear features in Figure 11 .
The root mean square slope of the profile, R dq , was found to have a significant correlation with visual assessment rankings; however, this correlation was not as strong as that found with optimised values. R dq gives a measure of variability of the surface and has been linked to wear in machining tools and has been used for assessing reflectivity and wettability of surfaces [51, 53] . It follows that this parameter will respond to the sudden drops below the bulk material level in the 2D profiles that are associated with galling related wear features (e.g. see Figure 1 and Figure 11 ). However, R dq is likely to be more susceptible to the base surface roughness than the DWT methodology presented in this study. GSI is the only other parameter that is specifically targeted at galling wear measurement, and has been shown to be effective when measuring severely galled parts [34] . GSI performed poorly when compared to visual assessment ranking and for the parts collected in the conducted case study. The collected parts exhibited primarily abrasive damage features that precede galling that are likely to be less prominent and less frequent in their occurrence than any features seen on parts exhibiting severe galling damage. By converting the profiles into the frequency domain and averaging the response, it is likely that the smaller scale wear features, that are an indication of galling severity, are lost in the response of the general surface roughness.
The DWT methodology provides a targeted, repeatable and non-subjective measure of galling wear severity in sheet metal stamping. Of the parameters tested, the presented optimised value was found to correlate best with median visual assessment rankings, with a correlation coefficient value of = 0.8688 and p-value of 2.04E-09 (see Table 5 ). The methodology is appropriate for sheet metal forming tests that focus on galling wear in industrial style conditions where 2D profiles can be collected perpendicular to the sliding direction. The method allows the quantification of multiple localised galling wear features over large surface areas, as opposed to fixed single tracks that are often studied in experimental wear trials. Therefore, the method will also be applicable to other sliding wear experiments used for galling analysis, such as bending-under-tension and slider-on-sheet tests. Galling wear progression can occur over the course of individual strokes, resulting in varying levels of galling wear severity on a single part. The presented methodology is based on 2D profilometry, and so the resultant measure is dependent upon the surface profile location. Selecting a measurement location that corresponds to later in the stroke or taking multiple measurements will help to ensure an accurate measure of the wear severity is captured.
The presented methodology may also be applicable for identifying other localised wear features on formed sheet metal surfaces, such as fatigue cracks and graphic nodule pull-out that have been observed in cast iron dies [5, 54] . Both of these features are localised, which makes DWT appropriate for their characterisation. However, as per the methodology, appropriate mother wavelet functions and wavelength bandwidths need to be identified, as highlighted by the lower correlation coefficients observed for the non-optimised values included in the case study (see Table 5 ).
Future work should also focus on numerically determining the transition points between progressive stages of wear damage using the presented methodology. The difference stages of wear damage development feature similar cross-sectional geometries but at varying scales. This opens up the possibility of focusing on specific wavelength bandwidths or detail coefficient levels in order to distinguish between the before mentioned stages. Such an approach would be dependent upon the chosen material and sampling frequencies of the surface profile. Tracking the progression of localised wear damage and making comparisons to visual characterisations would also be required in order to develop the corresponding transition values, for both detail coefficients and W DWT values. With these transition points determined, the DWT methodology could be a useful addition to standard galling resistance tests such as ASTM G98 and G196. In these tests galling damage is visually identified and is subject to the variability of visual assessment. The presented methodology could be used to measure for the presence of galling damage by collecting surface profiles perpendicular to the sliding direction or along the radius of the test button, and monitoring detail coefficient values.
Conclusions
A new methodology for measuring and quantifying galling wear severity based on Discrete Wavelet Transform of 2D profiles has been presented. The localised wavelet functions that are used in Wavelet Transform are ideal for detecting the wear features and correlate well with the shape of galling wear features such that it is possible to separate the wear from surface roughness. The DWT detail coefficients were optimised for galling wear measurement according to the presented methodology. It was shown that the DWT detail coefficients correlate well with the position and severity of the damage associated with galling wear on the part sidewalls observed via visual inspection and photography. Since visual inspection is the current standard for galling assessment for many manufacturing processes -including sheet metal stamping -the study demonstrates the ability of the method to measure localised wear features associated with galling.
The new DWT galling wear severity parameter, , was proposed based on the calculated DWT detail coefficients. The parameter was found to correlate well with visual assessment rankings ( = 0.8688). As demonstrated via a sheet metal stamping case study, significantly outperformed existing galling, roughness and texture parameters that are commonly used as a measure of wear or galling severity. Hence, provides an accurate quantifiable measure of galling wear severity, via measurement of the workpiece (i.e. part) surfaces and not the tool surfaces. Additionally, the DWT methodology presented in this study is simple to implement in industrial-style sheet metal stamping trials as well as laboratory-based galling experiments. Simple and accurate methods for measurement and characterisation of galling wear in industrial situations are crucial for further investigation into, and development of, wear monitoring and detection systems. The results also have broader applicability for further study on galling wear and its prevention. Therefore, this study is an important contribution towards addressing galling wear in industrial sheet metal stamping, which continues to be a significant challenge to industry.
